Diiron and dimanganese proteins catalyze a wide range of hydrolytic and oxygen-dependent reactions. To probe the mechanisms by which individual members of this class of proteins are able to catalyze such a wide range of reactions, we have prepared a model four-helix bundle with a diiron site located near the center of the bundle. The four-helix bundle is constructed by the noncovalent self-assembly of three different chains (A a, Ab, and B) that selfassemble into the desired heterotetramer when mixed in a 1:1:2 molar ratio. On addition of ferrous ions and oxygen, the protein forms a complex with a UV-visible spectrum closely resembling that of peroxo-bridged diferric species in natural proteins and model compounds. By combining a small collection of n variants of these peptides, it should now be possible to prepare an n 3 member library, which will allow systematic exploration of the features giving rise to the catalytic properties of this class of proteins.
D
inuclear metalloproteins comprise a large number of functionally diverse enzymes that catalyze a variety of hydrolytic and oxygen-dependent reactions. How the protein matrix is able to tune the activity of these cofactors to effect such a wide range of reactions is an intriguing question. One subset of diiron͞ dimanganese proteins includes the Mn catalases, radical-forming R2 subunit of ribonucleotide reductase, hydroxylases such as methane monooxygenase and toluene oxygenase, hydrocarbon desaturases, and ferroxidases (1) (2) (3) (4) (5) (6) . Although the overall folds of these proteins differ, their diiron and dimanganese sites are each ensconced within a four-helix bundle with one or two copies of a Glu-Xxx-Xxx-His sequence motif.
To help test and further elucidate the features that define the reactivity of individual members of this family, we have designed the Dueferri (DF1 and DF2) family of proteins as paradigms for diiron proteins (7) (8) (9) . DF1 idealizes the approximate C 2 symmetry of the natural proteins; it comprises two noncovalently associated helix-loop-helix motifs that bind the diiron cofactor near the center of the structure. The structure of diZn (II) (7) and diMn (II) (9) variants of DF1 have been determined by x-ray crystallography, and the metal-binding sites of these proteins are very similar to those of diMn (II) bacterioferritin (10) , diMn (II) (11) , and diFe (II) ribonucleotide reductase (12) , and diFe (II) ACP ⌬ 9 -desaturase (13) . In DF1, two Glu sidechains bridge both metal ions, whereas the other two carboxylates interact with a single metal ion in a bidentate chelating interaction. The two His residues form additional monodentate ligands.
The electrostatic environment, polarity, and solvent accessibility of the metal-binding site are likely to influence its electrochemical midpoint potential and reactivity. The minimalist design of DF1 renders it an excellent candidate for determining how these features influence the properties of diiron proteins. Fig. 1 illustrates the active site of DF1 and highlights the features that directly affect the immediate environment of the active site. The protein forms an antiparallel four-stranded coiled coil in which the four Glu ligands occupy ''a'' positions of the center heptad repeat, and the His sidechains occupy ''d'' positions on two of the helices. The absence of His residues at the equivalent ''d'' positions of the other two helices (Fig. 1) results in an open coordination site on each of the metal ions. Small residues (Ala or Gly) at these ''d'' positions facilitate the entry of metal ions, O 2 and small molecule ligands into the active site, whereas a Leu in this position occludes the active site and inhibits their entry (8) .
Second-shell interactions are important for maintaining the structures of metal-binding sites (14) and also for tuning their electrochemical midpoint potentials (15, 16) . In DF1, the nonbridging Glu carboxylates receive a hydrogen bond from a Tyr sidechain at an ''a'' position of a neighboring helix (Fig. 1) . Similarly, an Asp residue forms a hydrogen bond with the imidazole N of a His ligand. In natural diiron proteins, Asp, Asn, Ser, Glu, or Gln form analogous second-shell hydrogen bonds with the His ligands. Although these second-shell and primary ligands shape the immediate environment of the metal ions, other more subtle but nevertheless important features might include distant electrostatic interactions, distortions of the helices, and the presence of aromatic sidechains that can form radical intermediates.
We would like to evaluate how systematic changes to the structure of DF1 affect its metal-binding, substrate-binding, and catalytic properties. In general, it would be useful to examine both natural as well as unnatural amino acids at a large number of positions. However, even if only five or six positions within the protein are substituted with a restricted number of sidechains, a very large number of combinations are generated. Furthermore, we would like to examine thoroughly the reaction of each one of these variants with a number of small molecule ligands and substrates. Such an extensive study would require the generation and purification of significant quantities of hundreds to thousands of variants.
To advance this goal, we intend to design a tetramer consisting of four disconnected helices, which could be separately synthesized, purified, and then combinatorially assembled to create an array of the desired helical bundles. For an ABCD heterotetramer (in which each of the monomers was different), 10 4 combinations could be prepared by combining only 10 variants of each of the individual chains. Previously, strategies have been developed for the design of two-stranded coiled coils that specifically self-assemble to form AB heterodimers, with minimal formation of homodimeric species (17) ; similarly, ABC heterotrimers (18) (19) (20) and A 2 B 2 heterotetrameric (21) coiled coils have been designed. Recently, we described the design of an A 2 B 2 heterotetrameric version of DF1 (22) .
Here, we use a similar strategy to create a three-component A⅐AЈ⅐B 2 heterotetrameric complex; extension of this strategy should allow the design of fully asymmetric complexes. Furthermore, we demonstrate the utility of this approach by designing a variant that interacts with Fe(II) in the presence of O 2 with kinetics that are markedly different from DF1. Although DF1 reacts relatively slowly with Fe(II) and O 2 to form an oxobridged diferric species, the variant reacts rapidly to form a Abbreviation: CD, circular dichroism. † To whom reprint requests may be addressed. E-mail: wdegrado@mail.med.upenn.edu or nmarsh@umich.edu. stable species with a UV-visible spectrum similar to those of previously characterized peroxo-diferric species.
Materials and Methods
Materials. The B peptide was synthesized and purified as described (22) , and the A a and A b peptides were prepared by analogous procedures. All buffers, metal ions, and other chemicals were of the highest quality commercially available.
General Procedures. Circular dichroism (CD) spectroscopy was carried out by using methods and equipment described (22) . The Co(II) titration was also conducted as described (8) .
Size-Exclusion Chromatography. Peptides were mixed in the appropriate molar ratios at approximately 20 M (in each peptide) and chromatographed through a Superdex 75 FPLC (Amersham Pharmacia) column equilibrated in 10 mM 4-morpholinepropanesulfonic acid buffer, pH 7.0, containing 100 mM NaCl at a flow rate of 1.0 ml͞min. As a standard for the tetrameric state, we used DFtet, which cleanly forms a tetramer as assessed by analytical ultracentrifugation. The column was also calibrated by using aprotinin, cytochrome C, and carbonic anhydrase, which confirmed the tetrameric molecular weight of DFtet and A a A b B 2 . The DFtet A peptide, which forms monomers in the absence of metal ions, was used as a standard for the monomeric molecular weight of A a and A b .
Fe(II)-Binding͞Oxidation.
Kinetic experiments were performed under aerobic conditions at pH 6.5 (0.15 M Mes͞0.15 M NaCl; 40 M A a A b B 2 ). The reaction was initiated by addition of 2.0 equivalents (per tetramer) Fe(II) from a stock solution (10 mM ferrous ammonium sulfate͞0.01% sulfuric acid), and spectra were measured on a Hewlett-Packard diode array spectrometer. For experiments performed under anaerobic conditions, a sample of A a A b B 2 was introduced into a cuvette fitted with a septum and made anaerobic by repeated evacuation and flushing with argon. The Fe(II) solution was similarly made anaerobic by flushing with argon and introduced into the cuvette by using a gas-tight syringe. In the absence of oxygen, no significant change in the UV-visible spectrum of the sample occurred on addition of iron. When the sample was opened to the air, a spectrum characteristic of the Fe-peroxo complex gradually developed.
Results
Design. Previously, we described an A 2 B 2 system, designated DFtet, that interacts with Co(II), Fe(II), and Fe(III) in a manner analogous to DF1. The individual peptides in this series are 33 residues in length and contain charged sidechains at interfacial (''c,'' ''g,'' ''b,'' and ''e'') positions in an arrangement intended to stabilize the heterotetramer relative to the homomeric species. The A peptides contained a single metal-chelating Glu ligand and the Tyr second-shell ligand. The B peptides contain a Glu-Xxx-Xxx-His sequence that contributes the bridging Glu and the His ligand, as well as the Asp second-shell ligand (Fig.  2) . To prepare less symmetrical tetramers, we prepared two electrostatically complementary versions of the A peptide, which should specifically assemble with two equivalents of B to form the desired A,AЈ,B heterotetramer (Fig. 2) . Along one face of the helix of the original A, negatively and positively charged groups had been placed near the N and C termini, respectively, to stabilize an antiparallel arrangement of the helices. In the current work, the sequences of these two helices were varied such that one contains a strip of Glu along the entire length of the interface, and the other contains Lys and Arg at equivalent positions (Fig. 2) . We designate the peptide with the acidic replacements helix A a and the other A b .
We also made two additional substitutions to probe specific mechanistic questions. DF1 has two Tyr sidechains that form second-shell interactions with the nonbridging Glu residues, whereas in natural proteins only one of the structurally equivalent Glu residues is generally constrained by a second-shell interaction. Thus, DF1 might be too constrained to allow rapid catalysis. We therefore changed Tyr-23 to Phe in the A a peptide. We also introduced a surface His residue in A b to allow the attachment of probes in future experiments designed to investigate the photochemical generation of radicals at the remaining Tyr residue.
Characterization of Solution Properties. Far UV CD and sizeexclusion chromatography were used to demonstrate that the peptides assemble into the desired tetramer, in the presence as well as the absence of metal ions. At pH 7.0, the individual A a and B peptides (30 M in 10 mM 4-morpholinepropanesulfonic acid͞100 mM NaCl, pH 7.0) appear to be unfolded (Fig. 3 Upper), as assessed by the lack of a strong n-* transition at 222 nm or an exciton-split -* transition at 208 and 195 nm that would be indicative of a helical conformation. This behavior of B is consistent with its previously characterized behavior. Sizeexclusion chromatography of A a indicated that it behaved similar to the parent A peptide, which is known to be monomeric under these conditions. By contrast, the A b peptide appeared to be helical by CD spectroscopy ( 222 ϭ Ϫ21,000 deg cm 2 ⅐dmol
Ϫ1
). Size-exclusion chromatography indicated that it eluted at the volume expected for the dimer.
When A a , A b , and B are mixed in a 1:1:2 molar ratio, an ␣-helical CD spectrum is observed, indicating that all three components are folded. The shape and intensity of the spectrum are nearly identical to that observed for DFtet and DF1. We also examined the spectra of the peptides in the presence of Zn(II), which binds tightly to DF1 and DFtet. As described previously, Zn(II) binds to B and induces a helical conformation ( 222 ϭ Ϫ23,000 deg cm 2 ⅐dmol
) in this peptide. This metal ion failed to induce a helical spectrum in either A a [ 222 ϭ Ϫ5,300 deg cm 2 ⅐dmol Ϫ1 ) after addition of one equivalent of Zn(II)], or a further increase in the magnitude of the ellipticity for A b . However, when A a , A b , and B are mixed in a 1:1:2 molar ratio with two equivalents of Zn(II), a spectrum is observed, which is nearly identical to that observed in the absence of Zn(II), indicating a similar secondary structure for the A a A b B 2 tetramer in the presence and absence of metal ions. However, thermalunfolding studies indicated that the helical conformation was greatly stabilized in the presence of metal ions. In the absence of Zn(II), a cooperative unfolding transition is observed with a midpoint near 70°C (at 7.5 M tetramer concentration); by contrast, the protein remained folded up to 95°C in the presence of 50 M Zn(II). These results, together with size-exclusion chromatography, indicate that the peptides specifically selfassemble to form a tetramer, whose conformation is stabilized by binding Zn(II).
Binding of Co(II).
The absorbance spectrum of Co(II) is highly sensitive to environment, and its extinction coefficient increases from approximately 10 to 100 to 500 M Ϫ1 cm as the coordination number increases from 4 to 5 to 6 (23) . Fig. 4 illustrates the UV-visible spectrum of Co(II) in the presence of the A a A b B 2 heterotetramer; the spectrum is nearly identical to that of the Co(II) complex of derivatives of DF2 (8) and DFtet (22) . Further, a titration of 40 M tetramer with Co(II) indicated that the metal ion bound tightly with the expected stoichiometry of 2 Co(II) per tetramer (Fig. 4) .
Interactions with Fe(II) and O2. Although the A a A b B 2 peptides behave similarly to DF2 and DFtet in their binding to Co(II) and Zn(II), this protein shows marked differences in its interaction with Fe(II) under aerobic conditions. The ferroxidase activity of DF2 and DFtet has been characterized; these proteins display a modest rate enhancement for the air oxidation of Fe(II) to Fe(III) (8, 22) . Under single turnover conditions [50 M protein, 2.0 Fe(II) per active site], an oxo-bridged diferric species is formed over the course of Ϸ1 h. By contrast, addition of Fe(II) to A a A b B 2 leads to the formation of a novel spectroscopic species (Fig. 5) in an apparent first-order process (the time course follows first-order kinetics for over four half-lives); at 25 M ) (28) . Hemerythrins also form peroxide complexes in which peroxide is bound in an end-on manner to a single site, but they are characterized by an absorption maximum that is shifted to approximately 500 nm (29, 30) . A further but less likely possibility is that the absorption represents a tyrosinate-Fe(III) ligand-to-metal charge transfer band, although again these have absorption maxima around 500 nm (31) .
To confirm that this species was associated with the tetrameric complex, the protein was separated by size-exclusion chromatography. A single major peak comprising approximately 90% of the UV-absorbing material eluted at the same position as that of the tetrameric form of DFtet. The remaining material eluted at somewhat greater apparent molecular weight, suggesting that some higher-order aggregate is also formed. The tetrameric material was analyzed by mass spectrometry and reverse-phase HPLC; each monomer was present in the appropriate stoichiometry and had not been covalently modified.
Conclusion
Here we designed a system that allows the combinatorial exploration of hypotheses concerning the structural bases for the function of diiron proteins. To rigorously evaluate mechanistic aspects of the reactivity of this cofactor, we wish to generate a large number of variants, which can be spectroscopically interrogated in a relatively high-throughput manner. Thus, it is necessary to prepare an array of purified proteins at defined concentrations to allow direct spectroscopic and catalytic measurements of individual library members (e.g., in 96-well format). The production of such variants has been facilitated by the use of noncovalent self-assembly to prepare the proteins.
The A a A b B 2 variant of the DFtet tetramer appears to satisfy many of the requirements for such a protein. The assembly appears to be relatively specific and results in the formation of the desired tetramer, even in the absence of transition metal ions. CD studies showed that a 1:1:2 mixture of the A a , A b , and B peptides had much greater helicity than the individual components or the various binary mixtures. Further size-exclusion chromatography showed the formation of a tetramer only when the three components were present in the appropriate ratios. Together, these studies indicate that the assembly process is specific for the desired heterotetramer relative to other possible species. Thus, electrostatic interactions between interfacially located sidechains appear to be sufficient to direct preferential assembly, even in the presence of 0.10 M NaCl. Although more discriminating disulfide-crosslinking studies might be helpful to fully quantify the extent of the hetero-tetramer formation, the observed degree of specificity is sufficient for the purpose of constructing combinatorial libraries.
Interestingly, the kinetics of the reaction of A a A b B 2 with Fe(II) and oxygen and the products formed are entirely different from those formed in the original DF1 protein and DFtet. Although additional spectroscopic studies are necessary to confirm the identity of this species, its UV-visible spectrum is similar to that found in the peroxo-bridged diferric intermediates found in a variety of diiron proteins (1-4, 25) . In natural proteins, the bridged diferric peroxo complex is formed only transiently, whereas this putative species appears to be stable for hours at room temperature in A a A b B 2 , and only minor decomposition occurs after one day at 4°C. We note that it has been difficult to design proteins or small molecule complexes that stably form these peroxo-diferric species in water at room temperature (27) . Thus, if this species can be demonstrated to belong to an oxo-bridged diferric species, it will be interesting to determine the precise structural features that give rise to its stability.
Although additional experiments are required to place the identity of this inorganic species on a firm footing, these data nevertheless demonstrate the promise of the combinatorial approach for identifying potential candidates for more detailed analysis. Having demonstrated the potential of the system, we are now preparing a small focused library of variants. The initial screening of this library has already identified individual members that show a number of interesting variations in their spectroscopic and chemical properties.
